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Abstract: In order to evaluate the circulation of hantaviruses present in southeast Asia, a large scale survey of
small mammal species was carried out at seven main sites in the region (Cambodia, Lao People’s Democratic
Republic, and Thailand). Small scale opportunistic trapping was also performed at an eighth site (Cambodia).
Using a standard IFA test, IgG antibodies reacting to Hantaan virus antigens were detected at six sites.
Antibody prevalence at each site varied from 0 to 5.6% with antibodies detected in several rodent species
(Bandicota indica, B. savilei, Maxomys surifer, Mus caroli, M. cookii, Rattus exulans, R. nitidius, R. norvegicus,
and R. tanezumi). When site seroprevalence was compared with site species richness, seropositive animals were
found more frequently at sites with lower species richness. In order to confirm which hantavirus species were
present, a subset of samples was also subjected to RT-PCR. Hantaviral RNA was detected at a single site from
each country. Sequencing confirmed the presence of two hantavirus species, Thailand and Seoul viruses,
including one sample (from Lao PDR) representing a highly divergent strain of Seoul virus. This is the first
molecular evidence of hantavirus in Lao PDR and the first reported L segment sequence data for Thailand
virus.
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INTRODUCTION AND PURPOSE
Hantaviruses are single-stranded, tri-segmented, negative
sense RNA viruses belonging to the family Bunyaviridae.
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At present, 45 distinct hantavirus species are recognized, all
associated with either rodent or soricomorph hosts (Dearing
and Dizney 2010). The genus is further subdivided into
species hosted by Sigmodontinae, Neotominae, Murinae,
and Arvicolinae rodent families and by the Soricidae and
Talpidae insectivorous families (Henttonen et al. 2008).
Hantaviruses are found throughout Eurasia, the
Americas, and Africa, where pathogenic variants are jointly
responsible for up to 200,000 human clinical cases annually
(Dearing and Dizney 2010; Song et al. 1984). Two syn-
dromes are caused by hantaviruses in humans: hantavirus
cardiopulmonary syndrome (HCPS), which is restricted to
the Americas and hemorrhagic fever with renal syndrome
(HFRS), with a much wider distribution including Eurasia,
Africa, and a few isolated cases in the Americas. Hantavirus
species hosted by Sigmodontinae and Neotominae rodents
are responsible for HCPS, while HFRS-associated hantavi-
ruses are generally hosted by Murinae rodents. However,
infections with Puumala virus, an arvicoline-borne virus,
are also associated with HFRS (Terajima et al. 2004). Tula
virus, another arvicoline-borne virus, is also potentially
linked with human infections, although disease has not
been confirmed (Schultze et al. 2002; Klempa et al. 2003).
With the exception of China, hantaviruses have been
poorly studied in southeast (SE) Asia. In China, 40,000–
60,000 human cases are reported annually (Bi et al. 2008)
but only isolated cases have been reported from other
countries in the region (e.g., Thailand, Suputthamongkol
et al. 2005; Singapore, Wong et al. 1989). However, pre-
vious studies have identified at least six hantavirus species
in rodent hosts in the region. These include Hantaan virus,
hosted by Apodemus agrarius (Lee et al. 1978), restricted
primarily to China; Seoul virus hosted by Rattus norvegicus
(Lee et al. 1982), which probably has a worldwide distri-
bution; Thailand virus, hosted by Bandicota indica and
present in Thailand (Xiao et al. 1994; Hugot et al. 2006);
Serang virus, hosted by R. tanezumi and recently identified
in Indonesia (Plyusnina et al. 2009); Thottapalayam virus,
hosted by Suncus murinus and found in India, Thailand,
and Indonesia (Carey et al. 1971; Okumura et al. 2007);
Cao Bang virus, hosted by Anurosorex squamipes and found
in Vietnam (Song et al. 2007). Other hantavirus species
may also be present, including partially characterized spe-
cies hosted by Rattus species in Cambodia (Reynes et al.
2003) and R. tanezumi in Singapore (Johansson et al. 2010)
which appear to be variants of Serang virus. Distinct
genetic variants of Seoul virus have also been identified in
China (Zou et al. 2008).
Although hantaviruses were previously thought to
share co-phylogeny with their rodent hosts (Khaiboullina
et al. 2005), recent findings of multiple new hantaviruses
and in particular, the sorciomorph-borne viruses, pose
some problems for the co-phylogeny theory and have called
this idea into debate (Henttonen et al. 2008; Ramsden et al.
2009; Schmidt-Chanasit et al. 2010). Each hantavirus spe-
cies or lineage is thought to be hosted predominantly by a
single rodent or soricomorph species or group of closely
related species. However, spill-over infections into other
species also commonly occur [spill-over of Dobrava virus
A. agrarius lineage into A. flavicollis (Schlegel et al. 2009);
Hantaan virus, usually hosted by Apodemus species but also
detected in R. norvegicus and Niviventer spp. (Yao et al.
2002; Li et al. 2005; Zou et al. 2008); Seoul virus infecting
several Rattus species and Mus musculus (Wang et al. 2000;
Jiang et al. 2008)]. These spill-over events may even have
led to host-switching events in some cases, further com-
plicating co-phylogeny analyses. Evidence for host-switch-
ing events has been proposed for both rodent- and
soricomorph-borne hantaviruses (Vapalahti et al. 1999;
Kang et al. 2009).
As SE Asia is a biodiversity hotspot with numerous
rodent and soricomorph species, unrecognized virus spe-
cies and/or hantavirus host species and lineages may be
present in the region. Our study aimed to determine the
prevalence of hantaviruses in a variety of SE Asian habitats
(including both disturbed and relatively undisturbed areas)
and to assess the virus species present. The data were also
assessed to establish if hantavirus presence was related to
the level of species richness in the rodent communities.
METHODS
Rodent Samplings
This research is part of the CERoPath (Community Ecology
of Rodents and their Pathogens in a changing environ-
ment) project, which aims to investigate the dynamics of
murine rodents and their pathogens (macro and micro-
parasites) in SE Asia. This region is characterized by high
biodiversity and growing modification of habitats due to
rapid economic development and insertion into the global
economy. Seven main sampling locations were selected:
Nan (19150N; 100830E), Loei (17390N; 101770E) and
Buriram (14890N; 103010E) in Thailand; Luang Prabang
(19620N; 102050E) and Champasak (15120N; 105800E)
in Laos; and Preah Sihanouk (10710N; 103820E) and
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Mondolkiri (12120N; 106890E) in Cambodia (see Fig. 1).
These locations represent a variety of habitats, in relation to
human pressures and land usage (see below). Opportunistic
trapping was also carried out on a much smaller scale in the
environs of Phnom Penh, Cambodia (11330N; 104550E).
For the seven main localities, two sampling sessions
were conducted, one during the wet season and one during
the dry season. At each of these locations, rodents were
sampled from four habitat types: forest (including natural
forest and plantations); non-flooded habitats (including
shrub, orchards and upland agriculture); lowland flooded
habitats (rice paddies); and peridomestic (houses and
immediate surrounding areas). Trapping took place within
an area of approximately 100 km2. For each session 30 lines
of ten traps were set over 4 days, amounting to 1,200 trap
nights. These trap nights were evenly distributed between
the first three habitat types (forest, non-flooded habitats,
and lowland flooded habitats) with 400 trap nights set in
each habitat. In addition, animals were also trapped by
local hunters in peridomestic habitats, ranging from 334
(Loei) to 822 (Buriram) trap nights per site with a mean of
546 trap nights. Greater use of local hunters was employed
at sites with low species richness in an attempt to reach
local rodent species richness. Local handmade wire live
traps, baited with cassava, banana, and sticky rice were set
for 4 days at each line and checked daily. Animals were
euthanized and a blood pellet, serum, and organs were
collected, stored temporarily in liquid nitrogen and then
transferred to long term storage at -80C.
In Phnom Penh, animals were captured at several loca-
tions within and around the city from both domestic
dwellings and agricultural land on an opportunistic basis.
Traps, baits, and animal processing were as described above.
Rodent Species Determination
Rodent species were determined in the field when possible
using morphological criteria as described in the literature
(Marshall 1988; Aplin et al. 2003; Pages et al. 2010). Most
Bandicota were determined using the criteria used by Aplin
et al. (2003) but ambiguous specimens (mainly subadults)
were subjected to a PCR targeting the D-loop gene on the
mitochondrial DNA (Chaval et al. 2010). As morphological
criteria were not fully discriminant between some species
within the genera Rattus, Niviventer, and Mus, a molecular
approach was thus carried out by sequencing the COI gene.
Species determination was performed using the freely
available molecular tool developed for SE Asian rodent
species molecular identification (http://www.ceropath.org/
barcoding_tool/rodentsea).
Within the seven main sites, rodent species richness was
estimated both by the observed number of species (Sobs) and
the estimated number corrected for sample size (Sk). Sk was
calculated by the rarefaction procedure in BiodivR v. 1.1
(Hardy 2009) and corresponds to the expected number of
species in a sample of k rodents. In our case, k was fixed to 170,
i.e., the lowest sample size recorded among our seven sites.
Serology
Hantaan virus-infected Vero E6 cells fixed on slides were
used to perform indirect fluorescent antibody (IFA)
serology using previously described methods (Schilling
et al. 2007). As hantavirus antibodies are known to cross
react between hantavirus species (Hujakka et al. 2003),
species determination was not possible. Serum samples
were diluted 1:30 with PBS. Secondary antibody,
Figure 1. Geographic locations of trapping sites.
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comprising a mixture of goat anti mouse IgG and goat anti-
rat IgG, both conjugated with fluorescein isothiocyanate
(FITC) (Sigma, Steinheim, Germany), was used at a dilu-
tion of 1:50 in PBS. Fluorescence was visualized using ultra
violet microscopy.
Hantavirus Molecular Identification
Lung samples from seropositive animals, from additional
individuals belonging to species with high seroprevalence
and from individuals where serum samples were not
available for screening by IFA, were selected for molecular
testing. Lung samples were homogenized (50 mg sample in
500 ll PBS) using the MagNA Lyzer Instrument (230 V,
Roche, cat. no. 03358976001) and bead system, then RNA
extracted using the Qiagen Viral RNA extraction kit (cat.
no. 52960). To determine hantavirus species, samples were
screened for hantavirus RNA using previously described
reverse-transcription nested RT-PCRs targeting the L
segment (Klempa et al. 2006) and S segment (Papa et al.
1998). The Superscript III one-step RT-PCR system with
Platinum Taq (Invitrogen, cat. no. 12574026) was used
for first round PCR and Promega GoTaq Flexi DNA
polymerase (cat. no. M8295) was used for nested PCRs.
Amplicons of the expected size (324 and 945 bp for L and S
segments, respectively) were sequenced using a MJ
Research PTC-225 Peltier Thermal Cycler and ABI PRISM
BigDyeTM Terminator Cycle Sequencing Kits with Amp-
liTaq DNA polymerase (FS enzyme: Applied Biosystems).
For phylogenetic analysis, sequences for other hantavi-
ruses were obtained from GenBank. Specifically, published
data documented from the Asian region was collated (Sup-
plementary Table). Because the rodents collected in this
study almost entirely consisted of species belonging to the
Murinae subfamily, viruses isolated from murines (rats and
mice) and from human patients were focused on. Hantavi-
ruses from voles, sigmodontines, and insectivores were not
included in the analysis due to their distant phylogenetic
relationship to murine-borne hantaviruses. Data sets of S and
L segments were analyzed separately. Sequences were aligned
using the Muscle option in Seaview software v.4.2.12 (Gouy
et al. 2010). As both partial segments corresponded to coding
sequences, predicted amino acid sequences were also ana-
lyzed. Percentage differences between sequences (constitut-
ing the number of nucleotides/amino acids differing between
two sequences, by sequence length) were calculated in MEGA
4.0 (Tamura et al. 2007). The best model of evolution for each
data set was determined using jModelTest 0.1.1 (Posada
2008). Phylogenetic reconstructions were performed using
the Maximum Likelihood method of Phyml 3.0 (Guindon
and Gascuel 2003), implemented in Seaview using the model
of evolution selected by jModelTest (GTR model), and
visualized in FigTree v1.3.1 (http://tree.bio.ed.ac.uk/). Nodal
supports were determined using the approximate likelihood
ratio test approach.
RESULTS
Trapping Effort
During sessions where species richness was low, hunter
trapping pressure was increased. Hence there was a sig-
nificant negative correlation between collected rodent
species richness and local hunter trapping nights (in log;
slope = -0.37, df = 7, adjusted R2: 0.45, P 0.028), indi-
cating that increasing trapping by local hunters did not
significantly increase rodent species richness.
Hantavirus Seroprevalence
A total of 2,364 small mammals were collected during this
study, of which 1,640 rodents were tested by IFA for IgG
antibodies to Hantaan virus and 50 tested positive. Anti-
Hantaan virus antibodies were detected in nine species,
namely (in order of prevalence) R. nitidius, B. indica,
R. norvegicus, B. savilei, R. exulans, R. tanezumi, M. caroli,
Maxomys surifer, and M. cookii (Table 1). Four species did
not test positive despite a significant number of samples
analyzed (35): Berylmys berdmorei, R. argentiventer,
R. losea, and M. cervicolor. Six species captured and tested
in low numbers (23) also all tested negative: B. bowersi,
Leopoldamys edwardsi, Niviventer fulvescens, R. andaman-
ensis and the non-murine species Cannomys badius and
Rhizomys pruinosus. Given the low number of captures for
these species, we would be unlikely to be able to detect a
low prevalence of hantavirus infection in these populations.
Between zero and five species were found seropositive at
any given site. Seropositive R. exulans were identified at five
sites; R. tanezumi at three sites; B. indica and B. savilei at
two sites; and R. nitidus, R. norvegicus, M. surifer, M. cookii,
and M. caroli each at a single site (Table 1).
Anti-hantavirus antibodies were detected in every
country and at six of the seven sites studied. All main sites
were sampled twice, but serum was only available from the
second trapping session in Loei, Thailand. Overall hanta-
virus antibody prevalence at the trapping sites was 0% for
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Phnom Penh, 3.9% for Mondulkiri in March 2009 but 0%
in November 2009; 0% in April 2009 and 3.2% in
November 2009 for Champasak; 4.4% for Luang Prabang
in July 2008 and 3.9% in February 2010; 5.1% for Nan in
November 2008 and 6.4% in March 2010; 1.2% for Buri-
ram in November 2008 and 0.8% in June 2009; 4.5% in
November 2008 and 5.1% in July 2009 for Preah Sihanouk.
Serological testing of samples did not reveal any seroposi-
tive individuals in Loei despite a large sampling size (196
rodents tested from session two only) (Table 1).
Overall, serological evidence of previous exposure to
hantavirus was found to be negatively correlated with
rodent richness (Kendall’s rank correlation, Sobs:
P = 0.020; Sk: P = 0.011) (Table 1; Fig. 2).
Molecular Analysis
As the serological data could not determine the infecting
hantavirus species, a subset of 520 samples were subjected
to the partial L segment nested RT-PCR and of these, 132
were also tested by the partial S segment nested RT-PCR
(data not shown) to allow species identification. All sero-
positive samples were subjected to this test, along with a
partially random subset of other samples. Due to the
unavailability of sera from the first trapping session in Loei,
a large number of the samples from this session were tested
by RT-PCR (159 in total) to compensate for the lack of
serological testing. Of the 520 samples tested, ten were
confirmed positive by both RT-PCRs (although sequences
for the partial S segment were only successfully obtained
from nine samples). The majority of these positive samples
(eight samples) were obtained from B. indica from the Nan
site in Thailand (sample IDs R5320, R5370, R6083, R6098,
R6107, R6108, R6109, and R6153). One sample was from a
R. tanezumi captured in Luang Prabang, Lao PDR (L0199),
and one was from a R. norvegicus captured in Phnom Penh,
Cambodia (PP21).
Sequencing and subsequent genetic analysis indicated
that these samples represented at least two species of han-
tavirus, namely Thailand virus (found at the Nan site,
Thailand) and Seoul virus (in Phnom Penh, Cambodia and
Luang Prabang, Lao PDR). Details of sequences included in
the p-distance and phylogenetic analysis can be found in
the Supplementary Table. Nucleotide sequence compari-
sons (P distances, data not shown) found PP21, from
Phnom Penh, Cambodia, to be closely related to several
strains of Seoul virus (up to 99 and 94% sequence
homology for S and L segments, respectively). The isolates
from Nan, Thailand, showed high sequence homology for
the S segment with previous isolates of Thailand virus. This
is the first known study to include L segment sequences of
Thailand virus. The virus L0199 from Luang Prabang, Lao
PDR, appeared to be a highly divergent variant of Seoul
virus. The S segment of this virus showed highest nucleo-
tide homology to a previously isolated Cambodian strain of
Seoul virus (AJ427506, GenBank) and to PP21, which was
also isolated in Cambodia (945 nucleotides: 85%). How-
ever, for the partial L segment (324 nucleotides) L0199 was
found most closely related (86% nucleotide identity) to two
viruses from China, CGRn8316 (GenBank accession
number EF990931) and CGRn9415 (GenBank accession
number EF990930), isolated from R. norvegicus and
believed to be natural recombinants between Seoul and
Hantaan viruses (Zou et al. 2008).
Phylogenetic analyses supported the genetic analysis
for all viruses. The divergent Laos virus grouped distantly
with other Seoul virus isolates at the nucleotide level for
both S and L segments and more closely for the partial
nucleoprotein sequence. S segment analysis indicated that
this Laotian isolate was the most basal of the Seoul samples
(Fig. 3), while L segment analyses showed L0199 forming a
sister taxa with the two suspected Seoul–Hantaan
recombinant viruses (Fig. 4). In contrast, when predicted
amino acid identities were compared, strain L0199 grouped
closely with other isolates of Seoul and was found to share
approximately 97 and 100% homology for L protein and
nucleoprotein, respectively.
DISCUSSION
The findings from this study increase the number of areas in
SE Asia where hantaviruses are known to circulate. Of the
sites studied, anti-hantavirus antibodies and hantaviral RNA
have previously only been detected at Buriram (Nitatpattana
et al. 2002; Pattamadilok et al. 2006) so this is the first evi-
dence of the presence of hantavirus at Luang Prabang,
Champasak, Mondulkiri, Preah Sihanouk, and Nan and the
first molecular detection of hantaviruses in Lao PDR.
This study supports previous findings that many SE
Asian rodent species can be infected with hantaviruses
(Ibrahim et al. 1996; Nitatpattana et al. 2000, 2002), with
nine species found seropositive. The antibodies detected in
some of the rodent species here may represent spillover
infections of known hantavirus species into non-reservoir
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host species, or may reflect exposure to a yet unidentified
hantavirus species or lineage (as suggested by the molecular
evidence for Seoul-like viruses in at least two Rattus species
(Wang et al. 2000). Also, the overall seroprevalence in
R. exulans (3.7%) was actually higher than for R. tanezumi
(2.5%), which is a known hantavirus host. The presence of
antibodies in R. exulans at several sites may also indicate
that this species potentially supports an as yet unidentified
hantavirus species or lineage.
The overall prevalence of antibodies detected at our
sites is comparable to findings from previous studies in
Thailand with values of between 1.1 and 4.0% (Nitatpat-
tana et al. 2002; Kantakamalakul et al. 2003; Pattamadilok
et al. 2006). The prevalences found for the different rodent
species were also similar to previous findings in the region
(Ibrahim et al. 1996; Nitatpattana et al. 2000; Reynes et al.
2003). A seroprevalence of 8.2% was detected in rodents
trapped in and around Phnom Penh in Cambodia in 1998
(Reynes et al. 2003). Higher prevalences (up to 29% at one
site) were also detected around certain ports in northern
Vietnam (Truong et al. 2009). This may be a result of the
rodent species present in these communities, as the two
species captured most frequently, R. norvegicus and R. rat-
tus (latter probably R. tanezumi as R. rattus is not known to
occur in the region (Pages et al. 2010)) are both known to
host hantavirus species.
The variation in hantavirus seroprevalence between
and within sites is probably due to a combination of fac-
tors. Seasonal differences and abiotic factors are known to
influence the survival of hantaviruses in the environmentT
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Figure 2. Relationship between rodent community characteristics
(X-axis) and seroprevalence (Y-axis). Hantavirus prevalence versus
observed number of species (Sobs) or expected number of species
(Sk).
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itself (Kallio et al. 2006; Linard et al. 2007; Dearing et al.
2009) and the difference in primary host density (and
population and community demographics) will also have
an effect (Calisher et al. 2007; Suzan et al. 2009). Previous
studies have also identified a trend for hantavirus preva-
lence to increase with decreasing species diversity (Mills
2006; Clay et al. 2009; Dizney and Reudas 2009; Suzan et al.
2009). It has been postulated that, because in many cases
the rodent species remaining in communities of low species
richness are those that are the reservoir hosts of hantavi-
ruses, this would allow for hantaviruses to circulate at a
higher prevalence in these communities (Mills 2006). It has
been suggested that this negative correlation may in part be
due to the dilution effect (Ostfeld and Keesing 2000), where
increasing species diversity is predicted to decrease patho-
gen prevalence through several mechanisms including
reduced encounters between hosts and decreased host
density (Keesing et al. 2006). Due to limitations in our data
set, we were unable to explore this finding further.
In this study, hantaviruses were found to infect animals
living in many different habitats, and particularly species
associated with human habitats (settlements and agricul-
ture). Similar findings have been observed for hantaviruses
circulating in South America (Mills 2006; Armien et al.
2009). As these areas also probably pose the greatest
potential for human transmission it is here that transmis-
sion prevention needs to be implemented in priority.
Of the three murine species found positive for hanta-
virus RNA in this study, two were the presumed natural
hosts of the viruses detected [Thailand virus in B. indica
(Xiao et al. 1994) and Seoul virus in R. norvegicus (Lee et al.
1982)]. However, Seoul virus was also identified in
R. tanezumi, a species previously associated with Serang
virus (Plyusnina et al. 2009). At least one isolate of Seoul
virus (Gou3 strain) has been collected from a rodent of the
R. rattus species complex previously (Wang et al. 2000) and
this isolate was also found to be genetically divergent from
other Seoul virus strains. It is conceivable that R. tanezumi
is the reservoir host for a distinct lineage of Seoul virus in
this area of Laos, as no R. norvegicus were encountered
during extensive trapping in this region. The divergent
nature of the nucleotide sequence of this sample may reflect
adaptation to R. tanezumi, as may also be the case for Gou3
virus to R. rattus.
Seoul virus regularly causes human infections, pri-
marily in east and SE Asia (Wong et al. 1989; Plyusnina
Figure 3. Maximum likelihood
tree for the partial S segment of
murine hantaviruses, showing the
position of sequences identified in
this study. Bootstrap values for the
major clades are indicated.
Hantaviruses in Southeast Asian Rodents 439
et al. 2004; Kariwa et al. 2007) and sporadically elsewhere
(Cueto et al. 2008; Heyman et al. 2009). There is also
serological data suggesting human infection by Thailand
virus (Pattamadilok et al. 2006) although this virus has
never been isolated from a patient. However, all three
rodent host species found positive for hantavirus RNA in
this study are associated with human habitats, indicating
the potential for zoonotic transmission. Rattus norvegicus is
primarily associated with human urban habitation and
both R. tanezumi and B. indica are found in a variety of
habitats including agricultural land and around (and in the
case of R. tanezumi, in) human habitation in rural areas
(Aplin et al. 2003).
This association with human environments has been
demonstrated in at least one case to increase the reproduc-
tive capacity of rodent species by increasing the duration of
the breeding season (Kuenzi et al. 2001). Most known out-
breaks of hantavirus disease have occurred in anthropo-
logically disturbed habitats, where natural biodiversity has
been reduced to low levels (Mills 2006). As with elsewhere,
most of the rodent species that host hantaviruses in SE Asia
are highly adaptable to many environments and they often
constitute one of only two or three rodent species present
within certain urban sites. These species can often reach high
densities due to the lack of competitive pressure. The low
rodent species richness (as a measure of biodiversity) asso-
ciated with high seroprevalence observed in our study sup-
ports previous findings from Vietnam and Cambodia
(Reynes et al. 2003; Truong et al. 2009). This finding may
have serious implications for SE Asian habitats, as many are
undergoing modification and no doubt, subsequent reduc-
tions in their natural species richness.
CONCLUSION
Nine murine rodent species were found to have been in-
fected with hantavirus in this study, with molecular analysis
confirming the presence of at least two species of hanta-
virus. This study presents the first molecular evidence for
hantaviruses in Lao PDR and indicates the presence of a
divergent strain of Seoul virus circulating in this country.
This study also presents the first L segment sequence data
for Thailand hantavirus. Our findings also suggest that
hantavirus seroprevalence is related to rodent species
richness, which is a potentially important finding in a
Figure 4. Maximum likelihood
tree for the partial L segment of
murine hantaviruses, showing the
position of sequences identified in
this study. Bootstrap values for the
major clades are indicated.
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region where species richness is changing rapidly in many
areas.
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